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ABSTRACT 

The superb phase resolution and quality of the OGLE data on LMC and SMC 
Cepheids, together with existing data on Galactic Cepheids, are combined to study 
the period-colour (PC) and amplitude-colour (AC) relations as a function of pulsation 
phase. Our results confirm earlier work that the LMC PC relation (at mean light) is 
more consistent with two lines of differing slopes, separated at a period of 10 days. 
However, our multi-phase PC relations reveal much new structure which can poten- 
tially increase our understanding of Cepheid variables. These multi-phase PC relations 
provide insight into why the Galactic PC relation is linear but the LMC PC relation 
is non-linear. This is because the LMC PC relation is shallower for short (logP < 1) 
and steeper for long (logP > 1) period Cepheids than the corresponding Galactic PC 
relation. Both of the short and long period Cepheids in all three galaxies exhibit the 
steepest and shallowest slopes at phases around 0.75-0.85, respectively. A consequence 
is that the PC relation at phase ~ 0.8 is highly non-linear. Further, the Galactic and 
LMC Cepheids with logP > 1 display a flat slope in the PC plane at phases close 
to the maximum light. When the LMC period-luminosity (PL) relation is studied as 
a function of phase, we confirm that it changes with the PC relation. The LMC PL 
relation in V- and /-band near the phase of 0.8 provides compelling evidence that this 
relation is also consistent with two lines of differing slopes joined at a period close to 
10 days. 
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1 INTRODUCTION 

In IKanbur fc Ngeowl J2004L hereafter Paper I), we in- 
vestigated the behavior of period-colour (PC) and also 
amplitude-colour (AC) relations at the F-band maximum, 
mean and minimum light, as the AC relations are closely re- 
la ted to the PC relati ons via the following equation, derived 
in lSimon et al.l il995t hereafter SKM) and in Paper I: 

log Tmax leg Tjnin — y^(Fmin Vmaa;)- (1) 

This equation implies that if the PC relation at the max- 
imum (or minimum) light is flat (i.e. the colour is inde- 
pendent of period), then there will be an AC relation at 
the minimum (or m aximum) light (see SKM, Paper I and 
IKanbur et al] 120041 hereafter Paper II). Thus an examina- 
tion of AC relations can be used to confirm changes to the 
PC relation. The major assumption used in equation (1) 
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is that temperature, not radius, fluctuations are the domi- 
nant ca use of light variations, at least at the optical wave- 
lengths n this paper, in addition to the max- 
imum, mean and minimum light, we extend the study of 
PC and AC relations at all other pulsation phases. Further- 
more, the extension to multi-phase relations will also expand 
our understanding of the pulsational behavior of classical 
Cepheids. The results of our study justify our methods and 
reveal new properties of Cepheids in the Galaxy and Mag- 
ellanic Clouds that can be used to constrain the theoretical 
Cepheid pulsation/evolution models in future studies. 

Based on the extensive data and large number of 
Cepheids recently discovered in the Large Magellanic 
Cloud (LMC), there is strong evidence that the mean 
light PC relation for the LMC Cepheids is non-linear: 
there are two PC relations for the sh ort (log P < 1) and 
long (l og P > 1) peri o d Cep h eids l^ arnrmumfc Reindil 
[ 20021: iTammann et all 120021 IKanbur fc Ngeowl 12004 
ISandage et alJ 12004 I Kanb ur fc Ngeowl l200rl iNgeow et alJ 



2 Ngeow & Kanbur 



2005) 1 , respectively. In contrast, the Galactic or the Small 
Magellanic Cloud (SMC) Cepheids do no t show any non- 
linea r ity of the mean l i ght P C relation (|Tammann et all 
120031 : IKanbur fc Ngeowl 120041) . Therefore, our motivation 
is to construct and study the PC relations for Galactic, 
LMC and SMC Cepheids at all phases between zero 
and one, because the PC relation at mean light is the 
average of the PC relation at all phases (see Paper I). 
Thus it is important to understand the properties of the 
PC relation at other phases. A direct consequence of the 
non-linear LMC PC relation at mean light is that the 
LMC period- luminosity (PL) rela t ion a t mean light is also 
non-l i near 2 Ij ammann & Rcindl 120021: IKanbur fc Ngeowl 
120041: ISandaee et alJ 12004 iNgeow et all 120051) . Although 
the LMC PL rela tion is extensively used in distance scal e 
studies (see, e.g., iFreedman et al.l(200lt ISaha et alJl200llb 
INgeow fc Kanburl (I2005T) have discussed the implications 
of the non-linear mean light LMC PL and PC relations in 
distance scale applications. 

In Section 2 of this paper, we present the data and the 
numerical methods used in this study. The multi-phase PC 
relations are studied in Section 3, and the detailed compar- 
ison between the Galactic and LMC PC relations is given 
in Section 3.1. The multi-phase AC relations are briefly pre- 
sented in Section 4. Since it is also of great interest to in- 
vestigate the connections between the PL and PC relations 
for LMC Cepheids, the multi-phase LMC PL relations are 
presented in Section 5. Finally, the main conclusion of this 
paper is summarized in Section 6. 



2 DATA AND METHOD 

The data used in this study are the sam e as in Paper I for 
the G alactic and SMC Cepheids, and in IKanbur fc Ngeowl 
(2006, hereafter Paper III) for the LMC Cepheids. These 
data include the periods, V- and /-band photometric data, 
and the E(B — V) values that have been published else- 
where (see the reference in Paper I & III). To construct 
the multi-phase PC & AC relations, the light curves of 
the Cepheids should be phased to a common starting 
epoch. Briefly, the V- and /-band photometric data are fit- 
ted w ith the M th -order Fourier expansion of the following 
form dSchaltenbrand fc Tammann1ll97ll:ISimon fc LeJl98ll 
INgeow et aUl2003ft : 

M 

m(t) = A Q + Y,l A k cos(27rft$(t) +</>*)], k = 1,...M (2) 

fe=i 

where $(t) = (t - t )/P - int[(i - t )/P), with t being a 
common starting epoch for all Cepheids in both bands (say, 
to — 2440000.0). The pulsation period P (in days) are taken 
from the literature. The phases $(f) are in between zero and 
one corresponding to one full pulsation cycle. The Fourier 
coefficients, At and <f>k, as well as the mean values (Aq) for 
the Cepheids in our samples are given in the Appendix A. 

1 In the rest of this paper, this is what we mean by non-linearity, 
and the long and short period Cepheids refer to those with log P > 
1.0 and logP < 1.0, respectively. 

2 See, for example, lMadore"fc Frecdman il99lfl for the basic 
physics of the Cepheid PL and PC relations. 



Table 1. The average values of the ifimin for the long (logP > 1), 
short (logP < 1) and all (long+short) period Cepheids. 



Period-Range 


GAL 


LMC 


SMC 


All 


0.675 


0.733 


0.738 


Long 


0.641 


0.671 


0.644 


Short 


0.687 


0.740 


0.754 



To obtain the colours at various phases, the phased 
light curves from equation (2) should be shifted such that 
phase zero corresponds to (V-band) maximum light for all 
Cepheids in the sample. This was done using the following 
steps. The phase that corresponds to maximum light 3 , de- 
noted as $ ma i , can be obtained from the fitted V-band light 
curves. Then, the light curves in both V- and /-band can be 
phase-shifted according to the following relations: 

</>fc(new) = 2kn$ max + <j} k (o\d), (3) 

where <f>k(old) are from equation (2). Hence, the zeroth phase 
of the new light curves will correspond to the (V-band) 
maximum light. Since in general the Cepheid light curves 
are skew-symmetric with slow declination from maximum 
to minimum, the phase of minimum light is located roughly 
in between phases ~ 0.6 and ~ 0.8. The averages of the 
phase at minimum light, <f)min, for the various samples are 
summarized in Tabled 

From the new light curves after the phase shift with 
equation (3), the colour at ith phase for a Cepheid is de- 
fined as (Vi — U), where i € [0,1]. The extinction cor- 
rected colour at ith phase is calculated with the sub- 
traction of AR x E(B - V) to (Vj - I j ), where AR = 
Rv - Rt = 1.28 Eanbur fc Ngeo^l2004l iTammann et"afl 
l2003t lUdalski et al]ll999ft . The V-band amplitude for the 
Cepheids is just Vkmp = V m %n — V ma x- Therefore, together 
with the published periods, the multi-phase PC and AC re- 
lations can be constructed by performing a standard lin- 
ear regression at the particular phase i for a given set of 
Cepheids. 



3 THE MULTI-PHASE PC RELATIONS 

The slopes and the zero-points of the PC relations as func- 
tion of pulsation phases ($) for all of the Galactic, LMC and 
SMC Cepheids in our samples are plotted and compared in 
Figure Q Similar plots are presented in Figure for the 

long and short period Cepheids, respectively. In these fig- 
ures, phase zero ($ = 0) corresponds to the maximum light. 
Our choice of the fi ducial period logP = 1 is governed by 
the wo rk of Paper I. ISandage et al.1 i2004l) and lNgeow et all 
(2005). Because of the large numbers of Cepheids, dividing 
the sample into two at this period does not significantly af- 
fect the value of the slope or zero-point at a given phase. 
That is, if the true underlying relation is consistent with 

3 We assume the V-band light curve traces the luminosity curve, 
hence the maximum light occurs at the phase of minimum V-band 
light curve fitted from the Fourier expansion. 
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Figure 1. The PC relations as function of phases for all 
(long+short) of the Cepheids in the samples. The symbols are: 
Galactic Cepheids = filled triangles; LMC Cepheids = open cir- 
cles; and SMC Cepheids = crosses. Phase zero corresponds to the 
maximum light. 



two lines of differing slopes but continuous or nearly contin- 
uous at a period close to 10 days, then there are sufficient 
numbers of Cepheids on eit her side of 10 days t o adequately 
represent this true relation jNeeow et alJl2005f) . From these 
figures, we found that: 

(i) In Figure Q the general form of the PC relations as 
a function of phase in these three galaxies appear to be 
similar. The plots rise to a maximum at a phase between 
0.5-0.6 (except for the SMC slopes). The LMC and SMC 
PC relations have a local minimum in the PC slope at a 
phase close to 0.8. 

(ii) Long period Cepheids display their steepest PC slope 
at phases around ~ 0.7 - ~ 0.8 (at the same time the zero- 
points drops to the minimum values) . This slope is the great- 
est in both of the Galaxy and LMC. 

(iii) In contrast, short period Cepheids in the Galaxy, 
LMC and SMC display a flattening of the PC slope at 
<E> ~ 0.8 (at the same time the zero-points approach to the 
maximum values), with some suggestion that the phase at 
which the slope is lowest gets later as the metallicity de- 
creases. For the LMC short period Cepheids, this slope is 
very close to zero. 

(iv) From Figure |5] both LMC and Galactic long pe- 
riod Cepheids have a zero PC relation slope at phases close 
to maximum light. For the Galactic long period Cepheids, 
the slope is nearly zero between the phases ~ 0.90-~ 0.13 
whereas this range is reduced in the LMC ~ 0.95-^ 0.08. 
The long period SMC Cepheids have a non-zero slope in the 
PC plots for phases close to maximum light. In fact, the 
flatness of the Galactic PC relation at maximum light (at 
phase zero) starts at a period of logP > 0.8, as suggested in 
Paper II. This is confirmed by calculating the PC relation 
at maximum light for Galactic Cepheids with logP > 0.8 
(where the slope is 0.04 ± 0.05) and from the top-left panel 



of Figure |7| However, this happens at logP ~ 1.0 for the 
LMC Cepheids. 

One important feature from these figures is that the slopes 
of the PC relations approach zero and maximum values for 
the short and long period Cepheids, respectively, at $ ~ 0.8. 
Note that some interesting behavior around phase of ~ 0.8 
has been reported in the literature. For example, the an- 
gular diameters as a function of phase display a bump 
or large deviation from the normal fi t around this phas e 
jFououe et alJl2003t IStorm et ai1l2004 iGieren et afll200Eh . 
This is probab ly due to th e presence of sh ock n ear minimum 
light jFouaue et aljl20o3) . iButlerl dl993l) and iButler et alJ 
have also reported some interesting hydrodynamics 
effects at phase around 0.8 from spectrosco pic lines observa- 
tions f or a few Galactic Cepheids. However. lLanev fc Stobiel 
( 1995) demonstrated that this phase may not be problem- 
atic for the Baade-Wesselink type applications. 

3.1 Comparisons of the Galactic and LMC PC 
relations 

As mentioned before, the mean light PC relation is linear for 
the Galactic Cepheids but non-linear for the LMC Cepheids, 
even thought the PC relations as a function of phase for both 
galaxies are similar to each others (especially for the long 
period PC relations) rather than to the SMC PC relations 
(see Figure [5] & [3J . Therefore it is interesting to compare 
the Galactic and the LMC PC relations at various phases 
to investigate this. In what follows we concentrate on the 
differences between the Galaxy and LMC PC relations. 

For ease of comparison, Figure 2] combines the Galac- 
tic and LMC results in a single three panel plot with solid 
triangles and open circles representing Galactic and LMC 
Cepheids respectively. This plot provides evidence that the 
slopes of the long & short period LMC PC relations are 
generally steeper & shallower, respectively, than the Galac- 
tic counterparts at most of the phases. The difference in 
the slopes for long and short period PC relations (A s i opc = 
slope L — slope g ) is then plotted as a function of pulsational 
phase in Figure^] Even though A a i opc appears to be simi- 
lar for the LMC and the Galactic PC relations 4 , a careful 
examination of Figure reveals that, aside from differences 
near phase zero, that A a i ope of the Galactic PC relations 
is different from the zero for only a small fraction (about 
~ 0.15 at $ ~ 0.8) of phase. In contrast, the fraction of the 
phases that A s i opc is different from A s i opc = for the LMC 
PC relations is ~ 0.6: much larger than the Galactic value. 
This results in mean differences of —0.034 and 0.131 for the 
Galactic and LMC PC relations, respectively. Together with 
the results from Figure 2] this is what leads to a non-linear 
LMC PC(mean) relation and a linear Galactic PC(mean) 
relation. 

The .F-tests (see Paper I for details) are then applied 
to the Galactic and LMC multi-phase PC relations. The 
plots of the F-values as a function of phase are presented in 
Figure HJ In this figure, the dashed lines represent the 95% 
confidence level (or p[F] = 0.05), corresponding to F ~ 3.0. 

4 Besides the similar shapes of A s i opc , the amplitudes of the dif- 
ferences for the Galactic and LMC PC relations are also similar, 
with amplitude, \A slope (M AX) - A s i ope (MIN)\, of ~ 0.9. 
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Figure 2. PC relation slope and zero-points as a function of phase for the long period (log P > 1) Cepheids in the Galaxy, LMC and 
SMC. Phase zero corresponds to the maximum light. The dotted lines indicate the vanished slope/zero-point. 
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Figure 3. Same as Figure l3l but for the short period (logP < 1) Cepheids. 



Therefore, the F-values above the dashed line indicate that 
the PC relation is non-linear, while the F-values below this 
line indicate the PC relation is linear. From this figure, it can 
be seen that the LMC PC relations are not linear for most 
of the pulsational phases, except around $ ~ 0.15 and $ ~ 
0.95. In contrast, the Galactic PC relations are linear for a 
large fraction of the pulsational phases, from <E> ~ 0.15 to 
<3> ~ 0.70 and again at "I> ~ 0.88. Therefore, these properties 
make the LMC PC (mean) and Galactic PC (mean) relation 
to be non-linear and linear respectively. Although the non- 



linearity of the Galactic and LMC PC relations at maximum 
light (with large F-values) has been mentioned previously, 
Figure|n]shows that this non-linearity extends in pulsational 
phases around the maximum light in both galaxies. Further, 
the non-linear PC relations around $ ~ 0.8 (the huge peak 
in Figure are seen not only in the LMC Cepheids but also 
for the Galactic Cepheids. This is because the slopes for both 
Galactic and LMC long and short period Cepheids reach 
a maximum and minimum, respective, at this phase (the 
zero-points also display the opposite trends). Even though 
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Figure 4. Variations of the slopes for the empirical Galactic and 
LMC PC relations as a function of pulsational phase. The solid 
triangles and the open circles are for the Galactic and LMC PC 
relations, respectively. The dotted lines represent the zero slope, 
i,e., the slopes near these lines will have a flat PC relation. The 
maximum light occurs at the zeroth phase. Error bars are omitted 
for clarity. 



Figure 6. Comparison of the F-values for the PC relation as a 
function of phase for the LMC (upper panel) and the Galactic 
(lower panel) Cepheids. The dashed lines represent the 95% con- 
fidence level (or p[F] = 0.05), corresponding to F ~ 3.0. Hence, 
the F-values above the dashed line indicate that the PC relation 
is non-linear, while the F-values below this line suggest the PC 
relation is linear. 
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Figure 5. Difference of the slopes for the long and short period 
PC relation as a function of phase, for the LMC (top panel) and 
the Galactic (bottom panel) Cepheids. The dotted lines represent 
the zero difference. 



both Galactic and LMC PC relations are not linear around 
4> ~ 0.8, Figure shows why the mean light Galactic and 
LMC PC relations are linear and non-linear respectively, 
because the phase that corresponds to the mean light is 
located in between $ ~ 0.4 and $ ~ 0.6. 

Figure presents snapshots of the Galactic and LMC 
PC relations at certain phases beginning with maximum 
light (phase zero). At maximum light, both of the LMC and 



Galactic Cepheids follow fiat PC relations for Cepheids with 
logP > 1.0 and logP > 0.8, respectively. After maximum 
light, the LMC PC relation becomes linear near $ ~ 0.15 
but the Galactic PC relation stays non-linear around the 
same phase (see Figure [SJ. This is portrayed in the upper- 
right panels of Figure Q for $ = 0.16. Then the LMC & 
Galactic PC relations become non-linear & linear, respec- 
tively, for a large fraction of phases ($ ~ 0.2 - ~ 0.7), 
as portrayed in Figure |S] and middle panels of Figure |7| 
Phases around 0.8 are interesting because the PC relations 
for both of the Galactic and LMC Cepheids are non-linear 
with very large F-values (the peaks in Figure Hence 
the PC relations are plotted in the lower-left panel of Fig- 
ure [7| for $ = 0.82. The non-linearity of the PC rela- 
tions at this phase (in both galaxies) with a sharp break 
at log P ~ 1 is clearly evident. Furthermore, the slopes of 
the short period PC relations approach zero around this 
phase (LMC: slope= 0.031 ± 0.022 at $ ~ 0.84; Galactic: 
slope= 0.091 ± 0.065 at $ ~ 0.80). However, the plots of 
the PC relation at $ = 0.82 in Figure [7| show that the 
short period LMC PC relation is indeed nearly flat around 
this phase, but the short period Galactic PC relation can 
be broken further into two PC relations with a break at 
log P ~ 0.8. The short period Galactic PC relation has 
a positive slope for log P < 0.8 and a negative slope for 
0.8 < logP < 1.0, hence the overall slope is close to zero as 
seen in the lower panel of Figure 0] Finally, PC relations at 
$ = 0.94 are plotted in the lower-right panel of Figure Q to 
show the transition from $ ~ 0.8 to maximum light. 

3.2 The SMC PC Relations 

For completeness, we include the snapshots for the SMC 
multi- phase PC relations (same layout as in Figure [7J and 
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Figure 8. PC relations for SMC Cephcids at various phases that are the same as in Figure Q and the plot of F-values as a function of 
phase. 



the plot of the F- values as function of phase in Figure |H| 
Compared to Figure [(J there are some similarities and dif- 
ferences for the behavior of non-linearity of the SMC PC 
relations as a function of phase to the Galactic and LMC 
counterparts. For example, the non-linear PC relation at 
maximum light is only marginal for the SMC Cepheids, in 
contrast to the Galactic and LMC PC(max) relations. Be- 
tween $ ~ 0.2 and $ ~ 0.6, the Galactic and LMC PC re- 
lations are linear and non-linear, respectively. However, the 
SMC PC relations switch from linear around $ ~ 0.25 to 
become non-linear then back to linear near $ ~ 0.50. This 
"secondary peak" is absent for the Galactic and LMC PC 
relations. For SMC Cepheids, the phases that correspond 
to the mean light are around $ ~ 0.5 and $ ~ 0.7: hence 
the mean light PC relation is linear. In term of similarity, 
the significance of non-linear PC relations around <E> ~ 0.8 
for SMC Cepheids is also clearly evident, which is also seen 
in the Galactic and LMC PC relations. The non-linearity 
of the PC relation around $ ~ 0.8 seems to be a universal 
feature for the classical Cepheids. 



4 THE MULTI-PHASE AC RELATIONS 



Figures 1911 II present the multi-phase AC relations for the 
Cepheids in these three galaxies. They support the validity 
of equation (1) because when the PC slope is close to zero 
at phases close to maximum light, the AC relation becomes 
such that higher amplitude stars are driven to cooler tem- 
peratures at minimum light. The slope of the AC relation 
for long period Cepheids reaches a maximum positive value 
at phases between 0.6 — 0.8. The slope stays at this posi- 
tive value for a phase interval that increases with decreasing 
metallicity. For phases close to maximum light, the slope 
is negative for all three galaxies. The slope of the plot de- 
picting the variation of the AC slope with phase for short 
period Cepheids is similar to the long period plot except 
that the curves are shifted downward by about 0.2 so that 
most slopes are negative. 
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Figure 9. Same as Figure HI but for the AC relations. 

5 THE MULTI-PHASE LMC PL RELATIONS 

Since the morphology of the PC relations will affect the PL 
relations, Figure tT^l portravs these extinction corrected LMC 
PL relations at the same phases as used in the PC relations 
in Figure |7| using the same data and methods mentioned 
in Section 2. We see clearly that changes in the PC re- 
lation are associated with changes in the PL relation: the 
sharp change in the PL relation in both V- and J-band at 
$ = 0.82 is very compelling. It is hard to imagine how this 
plot could be the result of some combination of period selec- 
tion / incompleteness /reddening errors (see also lNgeow et alJ 
2005). We also compare the F- values of the PL and PC rela- 
tions as a function of phase from the F-test in Figure PHfl sim- 
ilar to Figure|S| From this figure it can be seen that the non- 
linearity of the PC relation traces the non-linearity of the 
PL relations at most of the phases except near $ ~ 0.0 (cor- 
responding to the maximum light). The discrepancy near 
$ ~ 0.0 is due to the flat PC relation at maximum light for 
the long period Cepheids that forces the V-band PL slope 
to be similar to the /-band PL slopes . 



6 CONCLUSION 

In this paper we have used the excellent phase resolution of 
OGLE data, combined with existing Galactic data to present 
multi-phase PC and AC relations for Galactic, LMC and 
SMC Cepheids. The main conclusions from this study are 
summarized below. 

(i) By examining the slopes of the PC relation as a 
function of phase, our results confirm that the Galactic 
PC (mean) relation is linear and the LMC PC (mean) rela- 
tion is non-linear in the sense that the LMC PC relation is 

5 If the PC(max) relation is not flat for the long period Cepheids, 
then we expect the F-test results near <E> ~ 0.0 would not show 
any non-linearity. 



more consistent with two linear relations, one for short and 
long period Cepheids respectively. 

(ii) Both short and long period Cepheids exhibit interest- 
ing new features on these multi-phase plots. The slopes of 
the PC relation for long period Cepheids reach maximum 
at a phase around 0.7 — 0.8, close to the phase of minimum 
light. In contrast the slope of the PC relation for short pe- 
riod Cepheids displays a minimum (close to zero) around 
$ ~ 0.8. These are the new observational features that have 
not be reported in the literature, and can be used to further 
constrain stellar pulsation/evolution models of Cepheids. 

(iii) Combining these behaviors of the slopes at $ ~ 0.8 
for the long and short period Cepheids, the PC relation be- 
comes strongly non-linear at this phase. Further, the Galac- 
tic and LMC long period Cepheids display a flat PC relation 
at phases close to the maximum light (at $ = 0.0). This 
also cause both of the Galactic and LMC PC relation to 
be non-linear at maximum light. There are some indications 
that the extent of this flatness may be metallicity dependent 
since the SMC has a non-zero PC slope around maximum 
light. 

(iv) The reason why previous workers found a non-linear 
and linear LMC and Galactic PC relation is because short 
and long period LMC Cepheids have a shallower and steeper 
slope respectively than their Galactic counterparts in most 
of the phases. In addition, the LMC PC relations are actu- 
ally non-linear at most pulsational phases. The Galactic PC 
relations are linear at most pulsational phases. 

(v) The multi-phase SMC PC relations show some sim- 
ilarities and differences to the Galactic and LMC coun- 
terparts. In particular, the non-linear PC relations around 
<3> ~ 0.8 is significant for all three galaxies, and this suggests 
the non-linearity of the PC relation around this phase is a 
universal feature. Perhaps it may has to do with the inter- 
action between the hydrogen ionization front (HIF) and the 
photosphere at outer envelope of Cepheid variables, or even 
a shock+HIF+photosphere interaction. However a detailed 
investigation is beyond the scope of this paper. 

(vi) The shapes of the multi-phase AC relations are sim- 
ilar for both long and short period Cepheids, except the 
curves for short period Cepheids are shifted downward. The 
multi-phase AC relations also support the validity of equa- 
tion (1). 

(vii) The multi-phase LMC PL relations also trace the 
corresponding multi-phase PC relations (except at maxi- 
mum light). Evidence of non-linear PL relations at $ ~ 0.8 
is also compelling. It is well known that near resonance, the 
shape of Cepheid light curves changes dramatically and it 
could be that near this period, the secondary maximum as- 
sociated with the Hertzsprung progression may become the 
primary maximum. Perhaps this may be responsible for the 
sharp change seen at $ ~ 0.8 in the LMC PC/PL relations. 
However, even if this is the case, it does not negate the ob- 
servational fact that there are very compelling changes in 
the LMC PC/PL relations as a function of phase. 

(viii) Since the mean light PC and PL relation is an av- 
erage over the relations at every phase, the behavior around 
<J> ~ 0.8 has some impact on the mean light relation which 
makes the LMC PC/PL relation non- linear but the Galactic 
and SMC PC/PL relations linear at mean light. Our con- 
tention is that this effect is reduced in the Galaxy and SMC 
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Figure 10. Same as Figure l2l but for the AC relations. 
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Figure 11. Same as Figure 151 but for the AC relations. 



because of the combined effect of the changes of the HIF- 
photosphere interaction and the amplitude of the Cepheids. 
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APPENDIX A: FOURIER PARAMETERS FOR 
THE CEPHEIDS DATA 

The fitted Fourier parameters for the fundamental mode 
Cepheids used in this study are presented here. These 
Fourier parameters are obtained by fitting equation (2) to 
the observe d data using simula ted annealing methods as 
described in iNgeow et alJ i2003l) . Both of the 154 Galactic 
Cepheids and the 391 SMC Cepheids are fitted with M = 4- 
6 Fourier expansion (Paper I), while the 641 LMC Cepheids 
are mainly fitted with M = 4-8 Fourier expansion and some 
longer period Cepheids the fits are extended to M — 12 (Pa- 
per III). The results are presented in Table Al - A6 for the 
V- and /-band light curves in the three galaxies. The layout 
of these tables are nearly identical, and they are available 
in their complete electronic form at the CDS. Here we only 
show a portion of Table Al to indicate its form and con- 
tent. Note that the Fourier phases (4>k) in these tables are 
obtained with equation (2) , before applying equation (3) to 
the light curves. 
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Table Al. V-band Fourier parameters for the Galactic Cepheids a . 



Cepheid Namc/ID b 


logP 


A 


Ai 


4>i 


A 2 


4>2 


A 6 


06 


E(B - V) 


SZ AQL 


1.234 


8.686 


0.4811 


1.2348 


0.1216 


0.6823 ■ • 


0.0236 


3.1093 


0.552 


U AQL 


0.847 


6.475 


0.3164 


2.8197 


0.1122 


4.2451 


0.0000 


0.0000 


0.371 



a The entire table is available electronically at the CDS. The definition of the parameters arc given in equation (2). The values of logP 
and E(B — V) are adopted from the literature. Zero entries mean the corresponding orders are not used in the fit. 
b Name for the Galactic Ccphcids. For Magellanic Cloud Ccpheids, this column gives the OGLE or HV ID number. 



